Abstract
Introduction
The definition of lithostratigraphic successions in strongly deformed metamorphic regions is crucial to constrain their geodynamical evolution. When the paleontological and geochronological data are scarce (or even inexistent), the correlation between lithostratigraphic units is difficult to be established, so it requires some complementary studies.
The presence of carbonate sedimentation in the Phanerozoic is profuse (Mackenzie and Morse 1992) and, consequently, it is usually well represented in the stratigraphic record. The metamorphic processes affecting the carbonates often lead to recrystallization, which could obliterate the biostratigraphic data, create uncertainties about the sedimentation age and increase the complexity of their correlation in metamorphic successions. Therefore, the determination of the strontium isotopic signature ( 87 Sr/ 86 Sr) of carbonate 1 3
rocks (Burke et al. 1982; Veizer 1989; Veizer et al. 1999; Prokoph et al. 2008; Maloof et al. 2010; McArthur et al. 2012 ) may be a useful technique to strengthen the lithostratigraphic correlations between distinct episodes of marine carbonate sedimentation. This study aims to establish and discuss the 87 Sr/ 86 Sr signatures of calcite and dolomite marbles, limestones and dolostones of Lower Cambrian, Late Silurian and Devonian carbonate episodes of the Ossa-Morena zone (OMZ), Iberian Massif. The age of these carbonate episodes is often supported by available paleontological data, although the age of several Lower Cambrian and Late Silurian-Lower Devonian successions is still open to debate (e.g., Oliveira et al. 1991; Piçarra 2000; Machado et al. 2009 Pereira et al. 2012; Araújo et al. 2013) . Nevertheless, several geological processes can change the primary strontium ratio, which should be accounted for the by the use of this methodology, thus allowing to establish a coherent isotopic correlation between marine carbonates across the OMZ. It is also suggested that this methodology can be applied to other metamorphic regions where several carbonate episodes are represented.
The Ossa-Morena zone carbonates
The OMZ is one of the southernmost tectonostratigraphic zones of the Iberian Massif ( Fig. 1 ; e.g., Lotze 1945; Julivert et al. 1974; Dias et al. 2016) . The OMZ stratigraphic successions show four well-constrained marine carbonate sedimentation episodes during the Palaeozoic:
1. The Cambrian episode (Cambrian Stage 2-OvetianMarianian in regional stratigraphic nomenclature; Oliveira et al. 1991; Gozalo et al. 2003; Liñan et al. 2004; Álvaro et al. 2014 ) is related with the beginning of the intracontinental rifting pulses of the Variscan Cycle (Sánchez-Gárcia et al. 2008 , 2010 Moreira et al. 2014a) .
It is characterized by dolomite and calcite marbles and limestones successions, interbedded with subordinate metavolcanic rocks and siliciclastic layers (Oliveira et al. 1991; Vera 2004; Sánchez-Gárcia et al. 2008 , 2010 Pereira et al. 2012; Araújo et al. 2013; Moreira et al. 2014a ). The Ovetian-Marianian age is constrained by paleontological data in Spain (Gozalo et al. 2003; Vera 2004 and references herein) and in Portugal (Alter-doChão-Elvas Succession-Central domain; Oliveira et al. 1991; Araújo et al. 2013 and references therein). However, despite the absence of the biostratigraphic control for the Abrantes and Viana-Alvito successions, as well as in the basal units from Estremoz and Ficalho successions, the same age has been ascribed to those carbonate rocks, based on lithostratigraphic correlations (Oliveira et al. 1991; Araújo et al. 2013; Moreira 2012; Moreira et al. 2015 Moreira et al. , 2016 ; 2. The Upper Ordovician episode (Kralodvorian-Ka3 and Ka4; Robardet and Gutiérrez-Marco 2004; Sarmiento et al. 2008 Sarmiento et al. , 2011 , represented by the Pelmatozoan Limestone, is preserved in Valle and Cerrón del Hornillo synclines (Spain; Central domain; Fig. 1 ) and consists of massive (bioclastic) limestones, displaying evidence of dolomitization and karsification Gutiérrez-Marco 1990, 2004; Sarmiento et al. 2008 Sarmiento et al. , 2011 . 3. The Upper Silurian (Late Ludlow or Early Pridoli) episode is also preserved in Valle and Cerrón del Hornillo synclines, consisting of alternating dark limestones and calcareous shales (Scyphocrinites Limestone; Gutiérrez-Marco 1990, 2004) . 4. The Lower-Middle Devonian episode is only represented in the Southwestern Portuguese domains of the OMZ. In the Odivelas Succession, Emsian to Givetian peri-reefal calciturbiditic limestones (Conde and Andrade 1974; Oliveira et al. 1991; Machado et al. 2009 Machado et al. , 2018 Moreira and Machado 2019, in press) are Fig. 1 Geological sketch of the OMZ in the context of neighbouring tectonostratigraphic Variscan Zones (adapted from Oliveira et al. 1991; Robardet and Gutiérrez-Marco 2004) spatially associated to low-K tholeiitic to calc-alkaline basaltic rocks (Santos et al. 1990 (Santos et al. , 2013 Moreira et al. 2010; Silva et al. 2011) . Similar facies and ages (Eifelian and Frasnian) are described in limestones contained in the Cabrela and Toca da Moura Basins, some of them interpreted as olistholiths (Boogard 1972; Pereira and Oliveira 2003; Pereira et al. 2006a, b; Oliveira et al. 2013 ).
However, in several OMZ successions, the age of the carbonate sedimentation remains a highly debatable subject. Indeed, in the Estremoz and Ficalho successions (central and south domains respectively; Fig. 1 ), over the Cambrianattributed Dolomitic Formation outcrops a volcano-sedimentary complex with abundant calcite marbles and/or limestones (Oliveira et al. 1991; Pereira et al. 2012; Araújo et al. 2013) .
In Ferrarias Succession (Central domain, few kilometres SE of the Estremoz Anticline), the presence of dolostones overlaid by a volcano-sedimentary complex with calcite limestones was described, which provided crinoid fragments and conodonts not older than Lower Ordovician (Piçarra and Le Menn 1994; Piçarra and Sarmiento 2006) . Piçarra (2000) suggests that the Ferrarias calcite limestones are a stratigraphic equivalent of the calcite marbles from the volcano-sedimentary complex, located on top of the Estremoz Succession. Dark to dark-grey limestones of Bencatel, placed on top of the Estremoz Volcano-Sedimentary Complex yielded tentaculitoids of probable Lower Devonian age (Piçarra et al. 2014) . Poorly preserved conodonts were also found in limestones of the Barrancos Succession, as well as in the upper part of the Ficalho Succession, and an Upper Silurian-Devonian age was assigned to these limestones (Piçarra and Le Menn 1994; Sarmiento et al. 2000; Piçarra and Sarmiento 2006) . Based on lithostratigraphic correlations, the mentioned authors attribute an Upper Silurian-Devonian age to the Estremoz Volcano-Sedimentary Complex, initially assumed as Cambrian-Ordovician (Oliveira et al. 1991; Araújo et al. 2013 and references herein). Pereira et al. (2012) argue that the Upper Silurian-Devonian ages could not be considered the depositional age of the Estremoz calcite marbles, suggesting contamination by younger faunal materials due to sub-aerial exposure during Upper Silurian-Devonian times. These authors obtained an age of 499.4 ± 3.3 Ma (SHRIMP; U-Pb in zircon) in metarhyolites, which they considered interlayered at the top of the calcite marbles from Estremoz Volcano-Sedimentary Complex (Estremoz Succession) and propose a Middle-Upper Cambrian transition age for these carbonate rocks. Nevertheless, field relations of these meta-rhyolites (Coelho and Gonçalves 1970; Gonçalves 1972) cast doubts on such a conclusion, emphasizing a dubious geometric relation between the meta-rhyolites and the calcite marbles. According to Moreira (2017) , these meta-rhyolites outcrop along the boundary between the Estremoz Volcano-Sedimentary Complex and the Devonian-Silurian units, being greatly deformed and bounded by Variscan shear zones. Consequently, the meta-rhyolites are not interlayered in marbles and the metarhyolites ages (Pereira et al. 2012) could not be considered the age of the Estremoz Volcano-Sedimentary Complex.
The

87
Sr/
86
Sr approach
The 87 Sr/ 86 Sr variations in marine carbonates result from changes in strontium fluxes to the ocean from the two main sources: (1) mantle/oceanic crust and (2) continental crust (McArthur 1994; Veizer et al. 1999) . The hydrothermal circulation in ocean ridges induces the interaction between oceanic crust and seawater, which generates modifications in the strontium isotopic composition of seawater. The 87 Sr/ 86 Sr ratio of seawater is modified by leached strontium from ocean ridge mafic rocks, decreasing the 87 Sr/ 86 Sr ratio of seawater (McArthur 1994) .Alternatively, if the strontium source is dominated by continental weathering, the 87 
Sr/ 86
Sr ratio of seawater increases (McArthur 1994) .
Nowadays, the 87 Sr/
86
Sr ratio of seawater is homogeneous in all oceans (Macdougall 1991; McArthur 1994; McArthur et al. 2012) . The residence time of strontium in the ocean is far longer (ca. 4 Ma) than the ocean mixing time (ca. 1.6 Ka). Thus, the homogeneity of the 87 Sr/ 86 Sr ratio of seawater should be expected in each moment of the Earth's evolution, considering that the ocean has always been completely mixed, which allows to establish a variation curve of the 87 Sr/ 86 Sr ratio of seawater along the geological time. Assuming that the marine carbonates preserve the seawater 87 Sr/ 86 Sr fingerprint, the values of strontium isotopic ratio of oceanic waters during the Palaeozoic ( Fig. 2 ; Burke et al. 1982; Veizer 1989; Veizer et al. 1999; Prokoph et al. 2008; Maloof et al. 2010; McArthur et al. 2012) can be used to correlate marine carbonate rocks and, in some cases, constrain the age of these rocks. However, hypothetical changes in the primary signature imposed by the post-depositional processes should be considered.
Sample preparation and analytical methods
A set of 36 samples of OMZ carbonate rocks were collected. All the samples are described by conventional petrographic techniques (with special attention to textural, mineralogical and metasomatic features). Thin sections were partially coloured with Alizarin Red solution, which provides a reddish colour to the calcite crystals, while preserving the original colours of dolomite and ankerite crystals (Ayan 1965) .
After petrographic characterization, the samples underwent specific preparation. Once the meteoric surface alteration and late veining were removed, the samples were crushed, gridded and sieved, to obtain a powdered sample enriched in carbonate phases with grain size smaller than 63 µm. The fraction bigger than 63 µm, mainly composed of accessory mineral phases (silicates and oxides), was rejected for the subsequent X-ray diffraction (XRD) mineral characterization. After the powdered sample processing, the mineralogical composition of the carbonate rocks was analysed using an X-ray difractometer (Bruker D8 Discover with DaVinci geometry) and a Lynxeye linear detector. The scans were collected from 2θ 3° to 75°, with steps of 0.05° and 1 s by step. The semi-quantification of the mineral phase abundances was done using the DIFFRAC.SUITE software from Bruker by the RIR (Reference Intensity Ratio) (Hubbard et al. 1976; Hubbard and Snyder 1988 and references herein) .
The strontium isotope compositions were determined at the Laboratory of Isotope Geology of the University of Aveiro (Portugal). To ensure that only the carbonate fraction was analysed, approximately 50 mg of each powder rock was subject to a leaching protocol with CH 3 COOH 1M for 2 h at room temperature. For samples with relevant dolomite content, heating was used to promote a better dissolution. The obtained supernatant solution was separated, dried and the residue was dissolved in 0.4 ml of 2.5N HCl. AG8 50W Bio-Rad ion chromatography columns were used for separating strontium from the remaining elements. Strontium was loaded onto Ta filaments with H 3 PO 4 , and the isotopic ratio was measured with a VG Sector 54 thermal ionization mass spectrometry in dynamic mode. Typical runs consisted of acquisition of 60 isotopic ratios with peak measurements at 1-2 V for 88 Sr and the analytical data were corrected for mass fractionation relative to 88 Sr/ 86 Sr = 0.1194. All reagents used in the global procedure were sub-boiling distilled and the water was produced by a Milli-Q Element (Millipore) apparatus. The procedure averaged blank levels that were less than 2 ng, which is negligible compared to the total amount of strontium processed in the analytical protocol. During this study, the SRM-987 standard gave an average value of 87 Sr/ 86 Sr = 0.710267 ± 26 (conf. lim. = 95%: n = 11).
Geologic and petrographic features of sampled OMZ carbonate rocks
The Northern, Central and Southern OMZ subdivisions used in this work are in accordance with the Portuguese domains of the OMZ (Oliveira et al. 1991; Araújo et al. 2013) . Their geological boundaries are underlined by first-order structures: the Northern-Central transition is demarked by the Alter-do-Chão Fault (Oliveira et al. 1991; Pereira and Silva 2001) and the Central-South transition by the Santo Aleixo da Restauração Thrust (Oliveira et al. 1991; Araújo et al. 2013) .
The sampled OMZ carbonate rocks (Fig. 3) include marbles, limestones and dolostones, with calcite, dolomite and ankerite as the main carbonate phases. Some carbonate rocks show macro-and microscopic textural evidence of late secondary dolomitization, while in others, the textural features show that the dolomitization is previous to metamorphism and is considered as primary. This primary dolomite may have resulted from the sedimentary dolomite precipitation and/or the replacement of calcite by dolomite during diagenesis. The main geological and petrographic features are summarized in Table 1 and the XRD data are presented in Fig. 4 .
The characterization of the analysed samples, presented in the next sections, was supported simultaneously by the petrographic and XRD data. The petrographic data allows the recognition of the modal composition and textural features, while the XRD data allows the comprehensive quantification of the carbonate phases.
Northern OMZ carbonates (Abrantes and Assumar successions)
In the Abrantes succession, six calcite and dolomite marbles, interbedded with mafic volcanic rocks, were sampled, whereas in the Assumar succession, one dolomite marble (Pereira and Silva 2001; Moreira 2012; Moreira et al. 2015 Moreira et al. , 2016 . The analysed samples show the following features (Table 1 ; Fig. 4 ):
• Samples GQAB-3 (calcite ≈ 95%) and GQAB-4 (calcite ≈ 90%) are calcite marbles. The calcite crystals, with millimetric grain size, define granoblastic and inequigranular textures. The presence of calcite crystals with type II (and IV?) twins denotes the influence of metamorphic recrystallization ( Fig. 5a ; Passchier and Trouw 2005) . Subordinate quartz, micas and opaque minerals are the non-carbonate phases.
• Sample GQAB-27 is a dolomite marble (dolomite ≈ 80%), with sub-to millimetric grain size, defining a granoblastic and inequigranular texture. The primary dolomite precedes the regional metamorphism and shows type II (and IV?) twins, which are symptomatic of metamorphic recrystallization of dolomite (Passchier and Trouw 2005) . Quartz, muscovite, opaque minerals and negligible clay minerals compose the non-carbonate phases.
• Samples ASS-1 (dolomite ≈ 90%) and GQAB-7 (dolomite ≈ 90%) are dolomite marbles. In these samples, two generations of dolomite were identified: (1) one previous to regional metamorphism, with evidence of metamorphic recrystallization (type II twins); and (2) other represented by fine-grained turbid/cloudy dolomite, sometimes with euhedral shape and zoned crystals. A second generation of dolomite overgrows on the early generation and it is often associated to grain boundaries dissolution and represent an incipient latter dolomitization process. Quartz, micas, chlorite and opaque minerals are the main non-carbonate phases.
• Samples GQAB-13 (dolomite ≈ 90%) and GQAB-37 (dolomite ≈ 65%) are dolostone characterized by general dissolution along grain boundary and porosity development associated with the pervasive late dolomitization, represented by abundant cloudy euhedral dolomite crys- (Fig. 5b) . The sample GQAB-13 also preserves relicts of earlier recrystallized dolomite crystals, with type II twins, not totally overprinted by the late dolomitization (Fig. 5b) . The non-carbonate fraction is composed of quartz, micas, clay minerals, feldspars, amphibole, chlorite and opaque minerals.
Central OMZ carbonates
Alter-do-Chão-Elvas succession
In the Alter-do-Chão-Elvas Succession, four samples ( Fig. 3b) were collected from the Elvas Carbonate Unit. This unit is representative of the OMZ Lower Cambrian carbonate episode, presenting very low-grade regional metamorphism (chlorite zone; Oliveira et al. 1991; Moreira et al. 2014b) . It is mainly composed of Ovetian-Marianian limestones and dolostones, which are overlapped by the siliciclastic Vila Boim Formation, where trilobite, acritarchs and brachiopods of Marianian-Bilbilian were identified (Oliveira et al. 1991; Gozalo et al. 2003) .
All samples are fine-grained impure carbonate rocks and present the following features (Table 1 ; Fig. 4 ):
• Samples VB-18 (calcite ≈ 70%) and VB-2 (calcite ≈ 65%) are fine-grained limestones with vestigial dolomite (Figs. 4, 6a) . Quartz, micas, chlorite and opaque mineral represent the main non-carbonate phases ( Fig. 6a) , besides subordinate feldspar, amphibole and epidote in sample VB-18.
• Samples VB-12 (dolomite ≈ 75%) and ALT-1 (dolomite ≈ 60%) are dolostones. The dolomite presents type I twins, suggesting weak recrystallization (Passchier and Trouw 2005) and is interpreted as being primary. Occasionally, evidence of some dissolution was recognized in thin section, represented by fine-grained cloudy late dolomite, sometimes with euhedral shape. The non-carbonate fraction is composed of quartz, micas, chlorite and opaque minerals.
Estremoz succession
In the Estremoz succession, six samples of carbonate rocks were collected (Fig. 3c ). This succession crops out in the major Estremoz Variscan anticline with a Neoproterozoic siliciclastic core overlain by the Dolomitic Formation (samples ETZ-6 and ETZ-9), lithostratigraphically correlated with the OMZ Cambrian carbonate episode (Oliveira et al. 1991) . The Dolomitic Formation is overlaid by the Estremoz Volcano-Sedimentary Complex, mainly composed of calcite marbles (samples ETZ-2, ETZ-3, ETZ-5 and ETZ-7), interbedded with mafic and felsic volcanic rocks (Oliveira et al. 1991) . The succession was deformed and metamorphosed under greenschist metamorphic conditions during the Variscan orogeny (Pereira et al. 2012) . The impure limestones located on top of the Estremoz Volcano-Sedimentary Complex (sampled near Bencatel village) was not considered part of this succession, due to its geological and petrographic features, being included and described in the Bencatel-Ferrarias-Cheles-Barrancos alignment.
Textural and mineralogical features of the six samples define four distinct lithotypes (Table 1 ; Fig. 4 ):
• Samples ETZ-2 (calcite ≈ 95%) and ETZ-3 (calcite ≈ 95%; dolomite ≈ 1%) consist of white calcite marbles, with granoblastic and inequigranular textures, without evidence of late secondary dolomitization (Fig. 6b) . Besides the calcite, with types I to III twins, as the main mineral phase, quartz and micas constitute the non-carbonate fraction.
• Samples ETZ-5 (calcite ≈ 95%) and ETZ-7 (calcite ≈ 95%; dolomite ≈ 1%) are dark-grey calcite marbles with dispersed organic matter (Fig. 6c) . The samples show granoblastic and inequigranular textures. In sample ETZ-5, calcite crystals are oriented and display fine-grained layers of calcite and quartz interbedded with medium-grained calcite layers. Both samples present type I and II twins in calcite crystals (Fig. 6c) . The noncarbonate phases are composed of quartz and micas.
• Sample ETZ-6 is an impure dolostone (dolomite ≈ 65%), containing quartz as the main non-carbonate phase and micas, chlorite and opaque minerals as subordinate noncarbonate phases. This sample shows evidence of wide- spread late secondary dolomitization and dissolution at meso-and microscale (Fig. 6d) . The dolomite crystals frequently present (sub-) euhedral shapes and do not present evidence of recrystallization. Internal zonation developed in the dolomite crystal and grain boundaries dissolution suggests more than one episode of dolomitization (Fig. 6d ).
• Sample ETZ-9 is a dolomite marble (dolomite ≈ 90%) with a polygonal granoblastic texture. There is no evidence of dissolution or late dolomitization process, and the dolomite crystallization seems to be previous to the regional metamorphism. As in calcite marbles from the Estremoz succession, the dolomite crystals in this sample show types I and II twins. The non-carbonate phases are quartz, micas, opaque minerals, chlorite and feldspar.
Bencatel, Ferrarias, Cheles and Barrancos successions
The Bencatel, Ferrarias, Cheles and Barrancos successions are composed of marbles, dolostones and limestones, spatially associated with bimodal magmatic rocks and breccias, surrounded by Silurian-Devonian schists, and defining a NW-SE to N-S alignment which follows the structural trend of the OMZ (Fig. 3; Oliveira 1984; LNEG 2010; Araújo et al. 2013; Palacios et al. 2013 ). The metamorphic facies conditions are lower than those recorded in Estremoz Succession, which is in accordance with the preservation of fossiliferous content in these successions (Piçarra and Le Menn 1994; Sarmiento et al. 2000; Piçarra and Sarmiento 2006) . The limestones from the Bencatel, Ferrarias and Barrancos successions present fossiliferous content attributed to the Upper Silurian-Devonian (Piçarra and Le Menn, 1994; Sarmiento et al. 2000; Piçarra and Sarmiento 2006) . They are interpreted as equivalent of the Estremoz Volcano-Sedimentary Complex (Piçarra 2000) , where the paleontological record is absent. The limestones of Bencatel Succession, sometimes with conglomeratic features (Piçarra and Sarmiento 2006) , outcrops in the southern limb of Estremoz Anticline (Fig. 3c) . The impure limestones of Ferrarias Succession are characterized by mesoscopic evidence of hydrothermal activity. The hydrothermal metasomatism shows carbonate veining and breccia structures, as well as remobilization, substitution and precipitation of latter carbonates, being genetically related with proximal copper vein mineralization (Matos and Filipe 2013; Maia et al. 2018 ). The Barrancos succession limestones are associated to the Barrancos Igneous Complex, composed of poorly deformed bimodal magmatic rocks and breccias ). The geometrical relationship between these lithotypes is poorly understood , although some authors consider the genesis of this complex related with a late Variscan tectono-magmatic event (Perdigão et al. 1982) . Finally, the marbles of Cheles succession (Spain) are regarded as a Variscan klippe structure (Vegas and Moreno 1973; Moreno and Vegas 1976) of Lower Cambrian over Devonian successions (Palacios et al. 2013) .
In this alignment, seven samples were collected: two from Bencatel (BEN-1, BEN-2), three from Ferrarias (FER-1, FER-2, FER-3), one from Cheles (CHE-1) and one from Barrancos (BA-4) successions. The petrographic features allow to distinguish different lithotypes (Table 1 ; Fig. 4 ):
• Samples FER-3 (calcite ≈ 80%) and BA-4 (calcite ≈ 60%; dolomite ≈ 1%) are fine-laminated dark-grey impure limestones (Fig. 6e) . The calcite crystals present type I twins, symptomatic of calcite weak recrystallization (Passchier and Trouw 2005) . The non-carbonate content is composed of quartz, micas and opaque minerals accompanied by remnants of organic matter (Fig. 6e ).
• Sample BEN-1 (dolomite ≈ 65%; calcite ≈ 10%) is an impure dolostone, while BEN-2 (calcite ≈ 45%; dolomite ≈ 40%) is an impure limestone. Both are very finelaminated dark-grey carbonate rocks containing quartz, minor opaque minerals and micas as well as dispersed organic matter (Fig. 6f) . However, the sample BEN-1 is distinguished by the presence of feldspar and clay minerals as subordinate non-carbonate phases and calcite micro-veins. The carbonate crystals of BEN-1 sample also show evidence of weak recrystallization, emphasized by the presence of type I twins.
• Sample FER-1 is a fine-laminated impure limestone (calcite ≈ 55%; dolomite ≈ 25%), displaying sedimentary layering with graded bedding, composed of quartz-rich carbonates on bottom and thin rich layers of organic matter on top. Moreover, intense quartz-calcite veining is observed, suggesting the presence of post-depositional fluid circulation and intense micro-fracturing (Fig. 6g ).
The texture also shows some recrystallization of calcite and incipient late dolomitization. The non-carbonate fraction is composed of quartz, plagioclase, micas and opaque minerals.
• Sample FER-2 is a dolostone (dolomite ≈ 95%) characterized by an intense and pervasive secondary dolomitization accompanied by dissolution process, with generation of cloudy and euhedral late dolomite crystals and grain boundaries dissolution (Fig. 6h) . The non-carbonate fraction is composed of quartz, micas and opaque minerals.
• Sample CHE-1 is a calcite marble (calcite ≈ 80%) with fine-grained sub-millimetric granoblastic texture, without evidence of secondary dolomitization. The calcite shows type I twins, suggesting weak recrystallization (Passchier and Trouw 2005) . The non-carbonate component is mainly composed of quartz, micas and opaque minerals, accompanied by remnants of organic matter.
Southern OMZ carbonates
Escoural, Viana-Alvito, Serpa and Ficalho successions
In the southern domain of the OMZ, six carbonate rocks were sampled (Fig. 3 ) from antiformal structures where two carbonate units are usually considered: (1) a basal carbonate unit composed of dolomite marbles/limestones, sometimes poorly represented (Oliveira et al. 1991; Araújo et al. 2013) ; and (2) an upper carbonate unit characterized by marbles/ limestones associated to bimodal igneous rocks (Ribeiro et al. 1992; Oliveira et al. 1991; Araújo et al. 2013 ). All samples (ESC-1 from Escoural; VIA-1, VIA-2 and ALV-1 from Viana-Alvito; SRP-1 from Serpa; and FIC-2 from Ficalho)
were collected in the upper carbonate unit, which, based on lithostratigraphic correlation, is attributed to the Lower Cambrian (Oliveira et al. 1991; Araújo et al. 2013 ). In the Ficalho succession, the limestones which belong to the upper carbonate unit present poorly preserved conodont, with Upper Silurian-Devonian age (Piçarra and Sarmiento 2006) . In fact, the Ficalho stratigraphic succession, apart local peculiarities, is similar to those characterizing the Estremoz succession. In this domain of the OMZ, the regional metamorphic grade is heterogeneous and diversified: from the greenschist facies (Ficalho Succession; Ribeiro et al. 1992; Araújo et al. 2013) , through amphibolite/eclogite (Viana do Alentejo-Alvito and Escoural successions; Chichorro et al. 2008; Moita et al. 2009; Araújo et al. 2013; ) until granulite facies conditions (Serpa Succession; new data). Locally, the regional metamorphism paragenesis is overprinted by contact metamorphism (e.g., Gomes and Fonseca 2006) . The complex geological framework of these successions is denoted by distinct and diverse textural and mineralogical features of the analysed samples (Table 1 ; Fig. 4 ):
• Samples VIA-1, collected from a marble quarry (Fig. 7a) , is a calcite marble (calcite ≈ 95%) with centimetric to millimetric granoblastic texture, showing intense calcite recrystallization disclosed by the presence of types II, III and IV twins (Fig. 7b) . Olivine, epidote and brucite (?), but also some quartz, titanite and clay minerals are recognized as accessories of the mineral phases (Fig. 7b ).
• Sample VIA-2 is a secondary dolostone (dolomite ≈ 65%; calcite ≈ 25%) sampled in a fracture-vein zone along the calcite marbles represented by sample VIA-1 (Fig. 7a) . This dolostone does not show any evidence of metamorphic recrystallization and it is characterized by dissolution mechanisms, like grain boundaries dissolution with porosity enhancement and secondary dolomitization, and the generation of late non-recrystallized calcite microveins. The dolomite crystals are cloudy and zoned and generally present (sub-) euhedral shapes. Quartz, chlorite, opaque minerals, amphibole, feldspar, micas and clay minerals constitute the non-carbonate fraction.
• Sample ALV-1 is an ankerite marble (ankerite ≈ 85%; calcite ≈ 5%) with a fine-grained granoblastic, inequigranular texture. The ankerite presents type IV twins, suggesting intense metamorphic recrystallization. This sample is also characterized by late non-recrystalized calcite micro-veins. Opaque minerals and subordinate quartz, chlorite, amphibole, feldspar and micas are the non-carbonate phases.
• Sample SRP-1 is a dolomite marble (dolomite ≈ 85%; calcite ≈ 5%) with centimetric to millimetric granoblastic, inequigranular texture. In this sample, two generations of dolomite were identified ( Fig. 7c) : (1) a millimetric dolomite crystal generation (primary or syn-metamorphic) characterized by strong metamorphic recrystallization, attested by the presence of type III and IV twins (Fig. 7c) ; and (2) a matrix generation composed of sub-millimetric crystals with type II twins. The non-carbonate content is dominated by serpentine and olivine (Fig. 7c) , coupled with some spinel, chlorite and opaque minerals. The presence of olivine coupled to dolomite crystals with types III and IV twins (first generation) results from high-temperature (HT) metamorphism (Bucher and Grapes 2011) . The serpentine is associated with the second generation of dolomite, representing a retrograde metamorphic process. The sub-millimetric calcite crystals are dispersed in the matrix and do not show evidence of recrystallization (Fig. 7c ), being synchronous (or later?) with respect to the retro-metamorphism.
• Sample ESC-1 is an impure marble (calcite ≈ 45%; dolomite ≈ 35%; Fig. 7d ) with a medium-grained polygonal texture. Both carbonate phases show type II twins, denoting recrystallization effects (Fig. 7d ). There is no evidence of late dolomitization and dissolution. The noncarbonate phase is composed of tremolite-actinolite, chlorite, micas, quartz, opaque minerals, talc and epidote. The tremolite results from metamorphic reactions under amphibolite facies, while the talc is related with the retrograde metamorphism (Bucher and Grapes 2011).
• Sample FIC-2 is a fine-grained (submillimeric) impure limestone (calcite = 65%), with abundant quartz, micas and dispersed organic matter as the non-carbonate phases (Fig. 7e) . This sample does not show evidence of late dolomitization or dissolution. It is quite different, because it is not affected by the medium/high-grade regional metamorphism (typical of southern domains of OMZ) and still preserves the original sedimentary fabrics.
Odivelas succession and Cabrela-Toca da Moura basins
Five samples of grey to dark limestones (OD-1, OD-2, OD-5A, OD-6 from the Odivelas succession and OD-4 from the Toca da Moura Basin) and one dolostone (CAB-1, from Cabrela Basin) were collected. All samples represent the Lower-Middle Devonian OMZ carbonate episode, presenting very low-grade regional metamorphism (Boogard 1972; Machado et al. 2009 . Due to their similar geologic/geodynamic framework (Pereira et al. 2006a, b; Oliveira et al. 2013) , the carbonate samples from Cabrela and Toca da Moura Basins will be described and analysed together, as a sub-group within this set sample. The Odivelas succession is a carbonate sequence, deposited over an orogenic volcanic complex (Silva et al. 2011) , while the Devonian carbonate rocks of Cabrela-Toca da Moura Basins present ambiguous genesis. Some authors (Pereira and Oliveira 2003; Oliveira et al. 2013 ) interpreted these Devonian carbonate rocks (or part of them) as olistholits inside an orogenic carboniferous volcano-sedimentary basin. Other authors Moreira and Machado 2019, in press) assume that they may represent a basement high of the Devonian carbonates or are tectonically imbricated within the Carboniferous basins.
Textural and mineralogical features of this set sample allow to recognize three distinct lithofacies (Table 1 ; Fig. 4 ):
• Samples OD-1 (calcite ≈ 95%; dolomite ≈ 1%), OD-2 (calcite ≈ 95%; dolomite ≈ 1%), OD-4 (calcite ≈ 99%) and OD-5A (calcite ≈ 95%) are dark-grey limestones, with ubiquitous dispersed organic matter. The samples preserve sedimentary structures (e.g., graded bedding) and the calcite crystals display type I twins, denoting very low-grade metamorphic recrystallization. Vestigial quartz and opaque minerals are the main non-carbonate phases, but sample OD-1 also has chlorite and sample OD-5A presents fibrous talc. The sample OD-1 contains abundant bioclasts (Fig. 7f) • Sample OD-6 (calcite ≈ 99%) is a rudstone with abundant bioclastic material, namely crinoid fragments (Fig. 7g) 
Sr ratio of OMZ carbonate rocks
The results of the strontium isotopic analyses are summarized in Tables 2 and 3 . Overall, the obtained 87 Sr/ 86 Sr data are heterogeneous and dispersed:
• Samples from the Northern OMZ carbonates (n = 7) range from 0.710410 (GQAB-37) to 0.708366 (GQAB-27) with a standard deviation of 0.000675. Samples GQAB-37 and GQAB-13 present highest 87 Sr/
86
Sr values and are clearly distinct from the other five samples;
• the carbonate rocks from the Alter-do-Chão-Elvas Succession (n = 4) display 87 Sr/ 86 Sr ratios ranging between 0.709227 (ALT-1) and 0.708538 (VB-18) and are the more homogeneous set sample (0.708920 ± 0.000227);
• the set sample from Estremoz Succession (n = 6) ranges between 0.710933 (ETZ-6) and 0.708299 (ETZ-9) with a standard deviation of 0.000899; • samples from the Bencatel-Ferrarias-Cheles-Barrancos successions (n = 7) range between 0.711960 (FER-2) and 0.708655 (CHE-1) and it is the most heterogeneous set sample with the highest dispersion of 87 Sr/
Sr ratio, with a standard deviation of 0.001154; • samples from Escoural, Viana-Alvito, Serpa and Ficalho successions (n = 6) with 87 Sr/ 86 Sr values between 0.711052 (SRP-1) and 0.708023 (ALV-1) show a great dispersion, with a high standard deviation (SD = 0.000983);
• samples from Odivelas succession and Cabrela-Toca da Moura Basins (n = 6) range between 0.709720 (CAB-1) and 0.707680 (OD-4), presenting a standard deviation of 0.000732.
Analysis of outlier values, the dolomitization and HT metamorphism effect
The careful analysis of the data reveals a strong heterogeneity inside most of the set samples, with considerable dispersion of the 87 Sr/ 86 Sr values, as demonstrated by the high standard deviation values. Therefore, the identification of outliers within the set samples is crucial to refine the dataset and allows to recognize and understand the geological processes that were able to modify the primary 87 Sr/ 86 Sr signature of marine carbonates. After the identification of the outlier values, the processed 87 Sr/ 86 Sr data should be more accurate and reveal the primary 87 Sr/ 86 Sr signature of the marine carbonates.
Within the Odivelas succession and Cabrela-Toca da Moura Basins dataset, the sample CAB-1 has an anomalous high strontium ratio ( 87 Sr/ 86 Sr = 0.709720; Fig. 8 ) and its exclusion from this set sample turns the overall 87 Sr/ 86 Sr ratio more homogeneous (n = 5; 0.707757 ± 0.000039). The Sample ETZ-6 ( 87 Sr/ 86 Sr = 0.710933) shows a similar behaviour and, if it is excluded from the Estremoz succession dataset, the standard deviation decreases and the overall 87 Sr/ 86 Sr is more coherent (n = 5; 0.708557 ± 0.000172). Both anomalous samples (CAB-1 and ETZ-6) are impure dolostones with late pervasive secondary dolomitization (Figs. 6c, 7h) , which is absent in the other samples from the same sectors. Thus, the higher 87 Sr/
86
Sr values of these samples relatively to their datasets, reveal the relation between the increase of the 87 Sr/ 86 Sr ratios and the process of dolomitization (Fig. 8) .
The dolostones GQAB-37 and GQAB-13 also display a late intense secondary dolomitization (Fig. 5b) and also have the highest 87 Sr/ 86 Sr values of their dataset (Northern OMZ carbonates; Fig. 8 ; Table 3 ). The exclusion of these samples also decreases the standard deviation and the 87 Sr/ 86 Sr ratio became more homogeneous (n = 5; 0.708716 ± 0.000269).
The samples ASS-1 and GQAB-7 (dolomite marbles; Northern OMZ carbonates) as well as VB-12 and ALT-1 (impure dolostones; Alter-do-Chão-Elvas Succession), as previously mentioned, show a late insipient secondary dolomitization. In these cases, the 87 Sr/ 86 Sr values are slightly increased relatively to the samples not affected by the late secondary dolomitization (Fig. 8) . This fact shows the relationship between the late dolomitization process and the 87 Sr/ 86 Sr increase, which demonstrates that the secondary late dolomitization can change the primary 87 Sr/
Sr carbonate ratio, whether it be incipient or pervasive.
The Bencatel, Ferrarias, Cheles and Barrancos successions displays significant internal heterogeneity. The sample FER-2 reaches the highest 87 Sr/
Sr value (0.711960), which is also explained by the later pervasive dolomitization. However, in the same dataset, the sample FER-3 also displays a higher 87 Sr/ 86 Sr value (0.710761; Fig. 8 ; Table 3 ), which requires an alternative explanation, because late secondary dolomitization was not identified in this sample. The pervasive fracturing with evidence of intense rock/fluid interaction and the proximity to copper vein mineralization (Matos and Filipe 2013) seems to indicate that the increase of the 87 Sr/ 86 Sr ratio could result from the interaction with crustal fluids (Rollinson 1993 ) and, consequently, should not represent the primary signature.
The exclusion of samples FER-2 and FER-3 from the Bencatel, Ferrarias, Cheles and Barrancos successions dataset refines the data and decreases the standard deviation (Table 3 ; n = 5; 0.709032 ± 0.000415). However, considering the petrographic similarity of samples BEN-1 and BEN-2, the increase of 87 Sr/ 86 Sr value in sample BEN-1 relatively to sample BEN-2 (Fig. 8) suggest the occurrence of late secondary dolomitization, which was not identified in the petrographic analysis, probably due to its very fine-grained texture (Fig. 6F) . Thus, the absence of petrographic evidence does not allow to consider the sample BEN-1 as an outlier, even if its 87 Sr/ 86 Sr value is slightly high. The Escoural, Viana-Alvito, Serpa and Ficalho successions also show a significant dispersion of data, as shown by the high standard deviation (Table 3) . Likewise, in other successions, the sample VIA-2 with higher 87 Sr/ 86 Sr value (0.710030) , when compared with the nondolomitized calcite marble VIA-1 (0.709169), shows dissolution mechanisms and late secondary dolomitization and should be considered an outlier sample. However, the exclusion of the sample VIA-2 from their data set, does not decrease the overall standard deviation (0.001018), because these samples do not represent the maximum or the minimum value of this dataset. The highest 87 Sr/ 86 Sr value (0.711052; Fig. 8 ; Table 3 ) was obtained in sample SRP-1, a dolomite marble strongly recrystallized with olivine and serpentine as accessories phases (Fig. 7c) .
Serpentine after olivine, indicates either a regional metamorphism under granulite facies or intense HT hydrothermal activity (Bucher and Grapes 2011; Winter 2013 ). Thus, the higher strontium ratio of the sample SRP-1 could have resulted from an intense interaction between HT crustal fluids (metamorphic, magmatic or hydrothermal) and the marbles.
The marble samples VIA-1 (0.709169; Viana-Alvito Succession) and ESC-1 (0.709016; Escoural Succession), without late secondary dolomitization, display identical 87 Sr/ 86 Sr values. These successions also record a Variscan HT metamorphism ( Fig. 7b, d ; Chichorro 2006; Gomes and Fonseca 2006; Chichorro et al. 2008; Moita et al. 2009 ). The obtained 87 Sr/ 86 Sr data from Viana-Alvito and Escoural successions agree with the data obtained by Morbidelli et al. (2007) for the Viana-Alvito Succession and for Almadén de la Plata (Spain; Fig. 8) , where a similar HT metamorphic fingerprint is described (e.g., Ábalos et al. 1991; Pereira et al. 2009) . If the primary 87 Sr/ 86 Sr values from marble samples VIA-1, ESC-1 and SRP-1 were affected by HT metamorphic fluids, with high 87 Sr/ 86 Sr derived from the dehydration Sr values obtained in the host siliciclastic rocks of these carbonate successions (Pereira et al. 2006a, b; Moita et al. 2009 ). Therefore, the obtained strontium ratio values of the samples VIA-1, ESC-1 and SRP-1 are not primary, contrasting with the carbonate rocks affected by low to medium metamorphic grade, where the primary signature of Sample ALV-1, an ankerite marble also from the VianaAlvito Succession, shows petrographic evidence of metasomatic replacement, presenting the lowest 87 Sr/ 86 Sr value (0.708023). The singular ankerite nature of this marble is possibly related with the interaction with juvenile hydrothermal Fe-rich fluids (HT?), linked to proximal mafic bodies and/or iron-rich skarn deposits in the Viana-Alvito Succession (Andrade 1984 ; Fig. 3) . Consequently, the sample ALV-1 should also be regarded as an outlier (Fig. 8) .
If the outlier samples VIA-2, ALV-1 and SRP-1 are excluded, the remaining dataset of Escoural, Viana-Alvito, Serpa and Ficalho successions became more homogeneous and shows a considerable decrease of 87 Sr/ 86 Sr variation (n = 3; 0.708934 ± 0.000233). Sr data from Viana do Alentejo, Estremoz Anticline and Almandén de la Plata marbles (Morbidelli et al. 2007; Taelman et al. 2013) 
Definition of sample clusters
Using the samples that were considered more representative of the original seawater strontium ratio (i.e., without late pervasive dolomitization, HT metamorphic recrystallization or metasomatic replacement), the analysed OMZ carbonate rocks define two main distinct clusters of 87 Sr/ 86 Sr ratios. The first cluster is composed of Lower-Middle Devonian limestones from the Odivelas Succession and Cabrela-Toca da Moura Basins (OD-1, OD-2, OD-4, OD-5A, OD-6), which present strontium ratios lower than 0.70800, with a very low dispersion (0.707757 ± 0.000039; Fig. 9 ). These homogeneous values are obtained despite the occurrence of local (low-temperature?) silicification, oxidation and traces of hydrothermal activity, observed in some limestones from the Cabrela-Toca da Moura Basins . The sample OD-4 even preserves the sedimentary features, suggesting that this (lowtemperature) hydrothermal process apparently did not significantly change the primary strontium ratio.
The second cluster is composed of calcite/dolomite marbles, limestones and primary dolostones with 87 Sr/ 86 Sr values ranging between 0.709277 and 0.708299 (Table 3) . In this cluster, two sub-groups are recognized (Fig. 9 ):
1. A lower group with 87 Sr/ 86 Sr values between 0.708777 and 0.708299 (0.708575 ± 0.000161) composed of the Cambrian limestones from the Alter-do-Chão-Elvas Succession (VB-2, VB-18) and calcite marbles, limestones (ETZ-2, ETZ-3, ETZ-5, ETZ-7, FIC-2, GQAB-3, GQAB-4) and dolomite marbles (ETZ-9, GQAB-27) from Abrantes, Estremoz and Ficalho successions. As mentioned, the dolomite marbles have textural features that emphasize a primary nature for the dolomite and, according to Mountjoy et al. (1992) , should reflect the original 87 Sr/ 86 Sr seawater signature; and 2. An upper group with strontium ratio values between 0.709227 and 0.708866 (0.709087 ± 0.000118), composed of: (a) dolomite marbles from Abrantes (GQAB-7) and Assumar (ASS-1) successions and the dolostones (ALT-1, VB-12) from Alter-do-Chão-Elvas Succession, which should represent the effect of the insipient late secondary dolomitization, and (b) calcite marbles from Viana-Alvito (VIA-1) and Escoural (ESC-1) successions, with HT metamorphic paragenesis, representing the influence of these petrogenetic processes.
The 87 Sr/ 86 Sr data from the Bencatel, Ferrarias, Cheles and Barrancos successions define a quite heterogeneous and dispersed dataset ranging from 0.709743 to 0.708655 (Fig. 9) . The calcite marble from Cheles (CHE-1 = 0.708655) and the limestones from Barrancos (BAR-4 = 0.708694) successions have 87 Sr/ 86 Sr values inside the range of the lower group of second cluster, while the limestone (FER-1 = 0.708812) from Ferrarias Succession is slightly above this range. The calcite-dolomite limestones from Bencatel Succession have a distinct behaviour (Fig. 9) . The 87 Sr/ 86 Sr values of sample BEN-2 (0.709255) is compatible with the upper group of the second cluster, whereas sample BEN-1 (0.709743), with more modal dolomite, is slightly above. As mentioned in the petrographic studies, the increase of strontium ratio in Bencatel samples could reflect secondary dolomitization effect over a primary ratio.
Discussion
The 87 Sr/ 86 Sr ratio during most of the Phanerozoic is generally well constrained ( Fig. 2 ; McArthur et al. 2012) , but the Cambrian worldwide curve is less controlled ( Fig. 10a ; Derry et al. 1994; Brasier et al. 1996; Nicholas 1996; Denison et al. 1998) due, either to the lack of accurate biostratigraphic control, or the scarcity of well-preserved material that could be used for strontium studies (McArthur et al. 2012) .
The 87 Sr/
86
Sr values of the Ovetian-Marianian limestones from Alter-do-Chão-Elvas Succession (Oliveira et al. 1991) , without evidence of late dolomitization, plot inside the lower group of second cluster (0.708777-0.708299) and display a very good correlation with most of the proposed worldwide seawater values for this age ( Fig. 10a ; Derry et al. 1994; Brasier et al. 1996; Nicholas 1996; Denison et al. 1998 ). The limestone from Ficalho (FIC-2), the calcite marble from Cheles (CHE-1), the dolomite and calcite marbles from Estremoz (ETZ-2, ETZ-3, ETZ-5, ETZ-7, ETZ-9) and Abrantes (GQAB-3, GQAB-4, GQAB-27) successions, also without evidence of late secondary dolomitization, present a similar 87 Sr/ 86 Sr fingerprint. Thus, the 87 Sr/ 86 Sr data of the carbonate samples from these successions indicate that they could be correlated with the Ovetian-Marianian limestones of the Alter-do-Chão-Elvas succession, corroborating the lithostratigraphic correlations which have been proposed (Moreno and Vegas 1976; Oliveira et al. 1991; Moreira et al. 2015; Moreira 2017) .
The remaining samples from Abrantes (GQAB-7), Assumar (ASS-1) and Alter-do-Chão-Elvas (ALT-1, VB-12), but also the samples from Viana-Alvito (VIA-1) and Escoural (ESC-1) successions were previously correlated with Cambrian-OMZ carbonate episode (Oliveira et al. 1991; Pereira and Silva 2001; Chichorro 2006; Chichorro et al. 2008; Moreira et al. 2015 Moreira et al. , 2016 . However, they have slightly higher 87 ) defining the upper group of second cluster. The decoupling of 87 Sr/ 86 Sr values for these set samples is interpreted as the interaction between the primary strontium isotopic signature with continental fluids with higher strontium isotopic values, namely: (1) dolomitizing fluids (meteoric or highly saline fluids?) in the Abrantes, Assumar and Alter-do-Chão-Elvas successions; and (2) Variscan HT metamorphic fluids in the Viana-Alvito and Escoural successions. In an alternative approach, it could be considered that the higher values of this sample group are compatible with the Cambrian 87 Sr/ 86 Sr worldwide curve proposed by Denison et al. (1998) . However, such a hypothesis is not likely, because it would leave unexplained the lower ratios in all the other samples (Fig. 10a) .
The limestone from Ficalho (FIC-2 = 0.708617), the calcite marble from Cheles (CHE-1 = 0.708655) and the darkgrey calcite marbles (ETZ-5 = 0.708716; ETZ-7 = 0.708716) from the top of the Estremoz succession (Lopes 2007) can also be correlated with the worldwide seawater values proposed for Upper Silurian (Fig. 10b) . Nevertheless, these carbonate rocks have distinct general framework and petrographic features, namely:
1. The sedimentary facies and the wide bimodal magmatism of the Estremoz succession are different from those observed in the typical sections of the Silurian successions of the OMZ (e.g., Oliveira et al. 1991; Piçarra 2000; Gutiérrez-Marco 1990, 2004; Araújo et al. 2013 ) and allows to correlate the marbles from Estremoz succession with the Ovetian-Marianian carbonate episode; 2. The Cheles succession is considered equivalent of Bencatel, Barrancos and Ferrarias successions, defining a carbonate alignment surrounded by Silurian-Devonian schists (Piçarra 2000; Palacios et al. 2013) . However, the absence of fossil content and the petrographic features of Cheles succession, contrasts with the Bencatel, Ferrarias and Barrancos successions. Thus, and regarding the strontium fingerprint of sample CHE-1, a correlation with the Ovetian-Marianian carbonate sedimentation episode can be made, as previously proposed (Moreno and Vegas 1976; Palacios et al. 2013 ). 3. The impure limestone from Ficalho succession was sampled in the upper part of the volcano-sedimentary sequence that was correlated with the OMZ Cambrian carbonate episode (Oliveira et al. 1991; Araújo et al. 2013) . Based on the conodont content of the limestones, Piçarra and Sarmiento (2006) assign an Upper Silurian-Devonian age to these volcano-sedimentary sequences. However, the same authors do not exclude that the limestones had underwent karstification and the fossil content came from younger carbonates that recovered and filled karst structures. As mentioned, the 87 Sr/
Sr fingerprint of sample FIC-2 is compatible with the worldwide seawater values during Lower-Middle Cambrian, being slightly lower than the Upper Silurian strontium signature. The interpreted stratigraphic position (on top?) and the age derived from the biostratigraphic record are debatable (Piçarra and Sarmiento 2006) . In addition, the Ficalho Succession is different from the main stratigraphic features of the Silurian successions of the OMZ (e.g., Oliveira et al. 1991; Piçarra 2000; Gutiérrez-Marco 1990, 2004; Araújo et al. 2013 It is important to emphasize that the 87 Sr/ 86 Sr values of samples BA-4 and FER-1 and also from the dark-grey calcite marbles (ETZ-5 and ETZ-7) from the top of the Estremoz Succession are concordant with the strontium signatures of Pridoli, ranging between 0.708650 and 0.708850 ( Fig. 10b ; Azmy et al. 1999; McArthur et al. 2012 ). In the Estremoz Succession, the dark-grey marbles present slightly higher values than the white calcite marbles (ETZ-2 and ETZ-3; Fig. 8 ), being compatible with the Pridoli seawater strontium isotopic signature. Thus, although all the 87 Sr/ 86 Sr values of marbles of Estremoz succession are concordant with the proposed worldwide seawater values for Ovetian-Marianian (Fig. 10a) , the similarity between the dark-grey calcite marbles values with the 87 Brasier et al. 1996; Nicholas 1996; Denison et al. 1998) ; b Silurian (adapted from Azmy et al. 1999) ; c Devonian (adapted from Denison et al. 1997 and; Veizer et al. 1999) Ludlow-Pridoli worldwide seawaters (Fig. 10b) should not be neglected.
The presence of crinoid fragments in the limestones of Bencatel, Ferrarias and Barrancos successions (Piçarra and Le Menn 1994; Piçarra and Sarmiento 2006 ) implies, at least, an Ordovician age (Guensburg and Sprinkle 2001; Ausich et al. 2015) . It was also described poorly preserved conodonts in Ferrarias limestones and tentaculitoids in Bencatel succession, yielding a probable Late Silurian to Early Devonian age (Piçarra and Le Menn 1994; Sarmiento et al. 2000; Piçarra and Sarmiento 2006; Piçarra et al. 2014) . The geodynamic significance of Bencatel, Ferrarias, Cheles and Barrancos alignment is poorly understood. The occurrence of carbonate, siliciclastic and magmatic rocks associated with breccias could suggest a Devonian synorogenic deposit with boulders (olistoliths?) of carbonate and magmatic rocks, with different provenances and ages (Moreira 2017 Robardet and Gutiérrez-Marco 2004) , although this carbonate episode has not been previously described in the Portuguese domains of the OMZ (e.g., Piçarra 2000; Piçarra and Sarmiento 2006) .
Finally, concerning the 87 Sr/ 86 Sr values of the Lower-Middle Devonian limestones (OD-1, OD-2, OD-4, OD-5A, OD-6) of Odivelas succession and CabrelaToca da Moura Basins, they show a very low dispersion (0.707784-0.707680), being clearly distinct from the abovementioned Cambrian and Upper Silurian marine carbonate episodes. Sample OD-4, without host volcanic rocks (Moreira and Machado 2019, in press) , presents the lower 87 Sr/ 86 Sr value (0.707680), whereas the remaining samples reach fairly higher values (0.707784-0.707772; Fig. 10c ). Despite this minimum 87 Sr/ 86 Sr ratio variation, the whole dataset is in perfect accordance with the proposed strontium ratio for the Middle Devonian worldwide seawater ( Fig. 10c ; Denison et al. 1997; Veizer et al. 1999) and is interpreted as representative of the primary strontium signature of the seawater. However, the presence of a slightly interaction between the seawater and the host volcanic rocks with juvenile sources with low 87 Sr/
Sr values should not be excluded (Santos et al. 2013) . The narrow range of the strontium ratios observed in all the undoubtedly Lower-Middle Devonian limestones (Emsian-Givetian; Machado et al. 2009 Liao et al. 2018) seems to indicate that a similar Devonian age for the limestones of the Bencatel, Ferrarias, Cheles and Barrancos successions should be discarded.
Conclusions
This work highlights the advantages and constraints in use of the 87 Sr/ 86 Sr ratios to correlate carbonate episodes in sedimentary and metamorphic lithostratigraphic successions with poor (or even without) biostratigraphic control.
One of the major limitations is their use in succession affected by late secondary dolomitization, because such process increases the primary 87 Sr/ 86 Sr signature of carbonate rocks, even when it was not very intense. This increase should result from the interaction between the original signature of the carbonate rocks and the dolomitizing fluids with higher 87 Sr/ 86 Sr ratios. Although the nature of the fluids is unknown (meteoric or highly saline fluids?), they should have origin in the continental crust, where higher 87 Sr/ 86 Sr ratios are expected (McArthur 1994) . A similar behaviour is also expected in carbonate rocks that underwent HT metamorphism, although the HT metasomatic processes produce a more heterogeneous 87 Sr/ 86 Sr ratio, depending on the nature of the fluids (juvenile or non-juvenile).
Despite these limitations, the present 87 Sr/ 86 Sr data emphasize, at least, two main OMZ marine carbonate events:
1. a lower-middle Devonian with values ranging between 0.707784 and 0.707680, concordant with the global strontium isotopic values of worldwide seawater proposed to the Emsian-Givetian (Denison et al. 1997; Veizer et al. 1999) ; and 2. an Ovetian-Marianian in accordance with worldwide seawater strontium isotopic curves for the Lower Cambrian (Derry et al. 1994; Brasier et al. 1996; Nicholas 1996) , with values ranging from 0.708777 to 0.708299. These values could reach 0.709227 to 0.7 08866 87 Sr/ 86 Sr ratios, if incipient later dolomitization, HT metamorphism and/or HT hydrothermal processes have been active.
Concerning the Upper Silurian-Devonian limestones of Ferrarias and Barrancos successions, they underline the record of an Upper Silurian marine carbonate event concordant with the 87 Sr/ 86 Sr range for Pridoli worldwide seawater strontium isotopic curve . Nevertheless, some 87 Sr/ 86 Sr values of Pridoli partially overlap by the Ovetian-Marianian ones, and a detailed lithostratigraphic analysis is required to discriminate these two marine carbonate events.
In spite of the geological complexity of the Portuguese domains of OMZ, this methodology corroborates previous lithostratigraphic correlations between the OMZ Cambrian successions (e.g., Oliveira et al. 1991; Chichorro et al. 2008; Moreira et al. 2015) and individualizes the Devonian 87 
